T he peptidoglycan (PG) is an essential component of the bacterial cell wall, and plays a key role in shape maintenance, resistance to osmotic pressure, and cell division. PG is formed by polymerized N-acetyl-glucosamine (GlcNAc) and N-acetyl-muramic acid (MurNAc) units cross-linked by stem peptides that generate a mesh-like structure that surrounds and stabilizes the entire cell. Due to the central role PG plays in bacterial survival, its biosynthetic machinery has been a prime target for antibiotic development for decades 1 . Proteins that are involved in PG biosynthesis associate in discrete multi-membered complexes that regulate cell division (the "divisome") and cell wall elongation (the "elongasome"), and their inhibition or deregulation can lead to defects in cell shape, impaired growth, and often cell wall lysis and death 2, 3 .
Penicillin-binding proteins (PBPs) catalyze the two last reactions in PG biosynthesis (GlcNAc-MurNAc polymerization and stem peptide cross-linking, or transpeptidation). Class A enzymes can catalyze both reactions, while class B PBPs act uniquely as transpeptidases. PBPs are the targets of β-lactam antibiotics and many are involved in resistance to these antibiotics in numerous pathogens 4 . PBPs have been reported to interact with various members of both the divisome and the elongasome within the periplasm and the bacterial membrane. Within the elongasome of a variety of bacteria including E. coli, Caulobacter crescentus, Bacillus subtilis, and Helicobacter pylori, PBPs have been shown to interact with, and be recruited by, the essential protein MreC, a bitopic membrane protein that is essential for cell shape [5] [6] [7] [8] [9] [10] [11] [12] [13] . This process is orchestrated by the cytoplasmic actin homolog MreB, pointing to the existence of a multi-membered complex that spans cytoplasm, membrane, and periplasm. Disruption of these interactions within the elongasome leads to cell shape perturbation and eventual bacterial cell death [5] [6] [7] [8] [9] [10] [11] [12] [13] , indicating the importance of the tight orchestration of elongasome formation steps. In H. pylori, both PBP2 (class B) and MreC are essential proteins, and strains depleted for either gene lose their rod-shaped morphology, enter division arrest and become enlarged cocci 8 . MreC has thus been suggested as being a scaffold for elongasome formation, docking PBPs 13 , and generating a core complex onto which other PG-biosynthesis partners can successively tether 8 . Despite the vast amount of functional evidence of the importance of the PBP:MreC interaction for bacterial cell wall formation, the absence of structural data regarding any periplasmic cell wallformation complex has hampered detailed studies of divisome or elongasome architecture. In addition, such complexes have been reported to only form at defined points in the cell cycle, and are thus fleeting in nature, fragile, and difficult to isolate 14 .
Results PBP2 and MreC interact through a hydrophobic zipper. We have overcome these difficulties and structurally and functionally characterized the PBP2:MreC core elongasome complex from the human pathogen H. pylori, as well as PBP2 in its unbound form. The crystal structure of PBP2 from H. pylori was initially solved to 3.0 Å by molecular replacement using the structure of PBP3 from Pseudomonas aeruginosa 15 as a model. PBP2:MreC complex crystals yielded diffraction data to 2.7 Å and harbored two 1:2 β4   β8  α7  β9  β10  α8  β11  β12  η1   η2  α10   α14  α15  α16  β17   β13  β14  β15  β16  α11  α12  α13   α9   α3  β5  α4  β6  α5  β7  α6  α2   α1   100  110  120  130  140  150  160  170  180  190   200  210  220  230  240  250  260  270  280  290  300   310  320  330  340  350  360  370  380  390  400  410   420  430  440  450  460  470  480  490  500  510   520  530  540  550  560 570 580 * * * * * ** * * PBP2:MreC complexes in the asymmetric unit. Diffraction data were phased by using our structure of PBP2 from H. pylori as a model in a molecular replacement experiment. Multiple rounds of manual and automatic model building, followed by molecular refinement, were required for the generation of both PBP2 and PBP2:MreC structures. PBP2 (residues L38-L588, thus lacking the TM helix) is a 588residue molecule that presents the characteristic fold of class B PBPs, with an elongated N-terminal region followed by a transpeptidase domain that carries the stem peptide crosslinking site ( Fig. 1 and Supplementary Fig. 1 ). The N-terminal region of PBP2 displays a tripartite structure: (1) a mostly helical "head" (dark blue in Fig. 1 ), (2) an "anchor" region composed of three β-strands (red), and (3) a helix-rich linker domain (yellow). The transpeptidase domain harbors the active site (Supplementary Fig. 1a ) with the three conserved motifs: S-X-X-K (Ser311′-Val312′-Val313′-Lys314′), which includes the catalytic serine, located at the N-terminus of α2; S-X-N/D (Ser366′-Val367′-Asp368′), which lies between α4 and α5; and K-T/S-G (Lys513′-Thr514′-Gly515′), located at the C-terminus of β3 (PBP2 numbering indicated with a prime symbol). It is of note that a disulfide bond lies in the proximity of the active site, linking β3 to α9; a similar positioning for a disulfide bond in SpoVD (PBP2) from B. subtilis was recently linked to regulation of catalytic activity 16 .
In the structure of the complex, MreC folds as two tandem βbarreled domains shaped as "butterfly wings" that are highly similar to those identified in MreC variants from Streptococcus pneumoniae and Listeria monocytogenes 17, 18 ( Fig. 1 and Supplementary Fig. 1b ). It is of note that our MreC clone includes residues 37-248 (thus lacking only the short cytoplasmic and TM regions), but only residues 92-248 are visible in the structure. Two "butterflies" are present in the asymmetric unit of the complex, but only one interacts directly with PBP2, the other . An Arg-Arg-Glu constellation, indicated here in magenta, is present in the structures of all class B PBPs solved to date, and sits at the interface between anchor and head one interacting uniquely with its partner MreC. Thus, MreC employs two distinct surfaces for partner molecule recognition, a fact that relates directly to its biological role of scaffold protein.
MreC interacts with PBP2 by inserting its C-terminal βdomain between the head and anchor regions of the PBP, forcing the anchor region to "sway" by~15 Å away from the head (Fig. 1 ). The swaying movement is guaranteed by the flexibility of loops 50′-52′, 203′-204′, and 224′-227′ that act as a hinge, opening up the N-terminus into a "V" shape that accommodates MreC snugly ( Fig. 2a ). Direct interactions involve mostly the head region of PBP2, which recognizes MreC through a hydrophobic zipper generated by surface-exposed non-polar residues on both faces. These include Phe169, Phe182, and Tyr222 (MreC); Leu69′, Phe71′, Tyr127′, and Tyr134′ (PBP2); 
Determination of the effects of the 3A and 3D mutations on MreC's hydrophobic zipper on H. pylori. a The mreC3A and mreC3D conditional mutants (N6 mreC3A pMEG4 and N6 mreC3D pMEG4) were grown in the presence or absence of IPTG (1 mM). Cell shape was monitored by scanning electron microscopy (representative images of bacteria after 24 h of growth are illustrated) and compared to the wild-type strain N6 pILL2150. b The control strain N6 pILL2150, the conditional mreC mutant (N6 ΔmreC pMEG4), and the 3A mutant (N6 mreC3A pMEG4) were grown in liquid culture in the presence or absence of IPTG. Viable bacteria were monitored by measuring the number of colony forming units (CFU/mL) as a function of time of growth (h); c, d Changes in cell shape in the presence or absence of IPTG (1 mM) were monitored by measuring bacterial cell diameter using the ImageJ software. Each dot represents the measured diameter (c) and length (d) of one individual bacterium. The difference in diameter (and length) in the presence or absence of IPTG was statistically significant for strains N6 ΔmreC pMEG4 and N6 mreC3A pMEG4 (unpaired two-tailed student t-test; ns = not significant; ***P < 0.0001 with a minimum of 100 bacteria being measured per strain and per growth condition). All other strains behaved similarly to the control strain N6 pILL2150 Phe169 (MreC); and Tyr134′ (PBP2), forming a π-π stacking pair ( Fig. 2b) . Notably, in the crystal structure of unbound, closed PBP2, hydrophobic zipper residues Phe71′, Tyr127′, and Tyr134′ are covered by the anchor region ( Fig. 3 ), indicating that binding to MreC requires uncovering of this apolar patch through the swaying movement. A structure-based sequence comparison of class B PBPs from rod-like bacteria using the closed form of H. pylori PBP2 indicates that residues that line the head/anchor interface display clear similarities among class B enzymes (Fig. 2c ).
In addition, in structures of unbound class B PBPs from both Gram-positive and Gram-negative bacteria, analogous hydrophobic patches are covered by their respective anchor regions ( Fig. 3) .
In order to further characterize the "opening" mechanism of the N-terminal region of PBP2, we generated a "disulfide locked" form of PBP2 by engineering two cysteine residues at sites Tyr134′ and Ala218′, predicted to be well-positioned to form a disulfide bond 19 . This mutant was unable to bind MreC in conditions where wild-type PBP2 could generate a stable complex in gel filtration ( Supplementary Fig. 2 ). This indicates that PBP2 can only accommodate MreC when its anchor region is moved away from the head, and that the swaying mechanism is essential for binding. These data suggest that, in the context of elongasome formation, the role of the PBP anchor region could be to shield the head from untimely interaction with MreC and/or other protein partners, and that the N-terminal regions of PBPs play the role of protein interaction platforms, as previously hypothesized 3, 20, 21 .
The PBP2:MreC interaction is essential in vitro and in vivo. In order to characterize the importance of the hydrophobic zipper for the PBP2:MreC interaction, we generated mutant forms of MreC encompassing triple mutations where Phe169, Phe182, and Tyr222 were all mutated to Ala (MreC-3A) or Asp (MreC-3D), as well as a double mutant where the two residues at the "edge" of the hydrophobic zipper, Arg154 and Thr221 (Fig. 2b) , were mutated to Asp and Arg, respectively. While the interaction between PBP2 and wild-type MreC was characterized by a K D of 0.4 μM by isothermal titration calorimetry (ITC), neither of the triple mutants were able to display any affinity for PBP2 either in gel filtration or ITC experiments ( Supplementary Fig. 3 ). In order to exclude the possibility that this effect was due to poorly folded MreC-3A and MreC-3D variants, we performed circular dichroism (CD) experiments that showed that the two mutant forms display very similar folds to wild-type MreC (Supplementary Fig. 4) . Notably, the MreC-R154D-T221R mutant was able to form a stable complex with PBP2 much like wild-type MreC, indicating that the three central residues in the PBP2: MreC interaction play the key stabilization role.
Having determined the importance of the hydrophobic zipper for the PBP2:MreC interaction in vitro and in order to verify the effect of the mutations in a cellular setting, we constructed conditional H. pylori mutants carrying individual point mutations within the hydrophobic patch of MreC, as well as double (2A) or triple mutations (3A or 3D), and studied the effect of IPTG depletion on cell growth. The strains carried the mutated mreC genes in the mreC native locus, and a wild-type copy of mreC on plasmid pMEG4 under control of an IPTG inducible promoter. Under permissive conditions, all strains grew normally as the control strain N6 pILL2150. However, in the absence of IPTG, strains carrying the triple (but not single or double) mutations stopped growing and cells became enlarged (Fig. 4a, b , and Supplementary Fig. 5 ) as evidenced by the increase in cell diameter and decrease in cell length (Fig. 4c, d) . These results indicate that in the absence of wild-type MreC, neither MreC-3A nor MreC-3D are able to sustain growth and cell shape of H. pylori, underlining the importance of an intact PBP2:MreC hydrophobic zipper for bacterial growth and shape. Interestingly, although single and double mutations did not impair growth, the single mutation F182A and the double mutant F169A-F182A presented altered shape dimensions. In the absence of IPTG, the two mutants presented an increased diameter and a reduced length. These differences were exacerbated in the double mutant, particularly the decrease in cell length (Fig. 4c, d and Supplementary Fig. 5 ). Hence, the accumulation of mutations in the hydrophobic zipper has a gradual impact on the functionality of the PBP2:MreC complex.
MreC as a scaffold for elongasome formation. MreC has been shown to form helical or patch-like patterns on membranes of a variety of rod-like cells, and interact with itself on a bacterial twohybrid assay 7, 9, 11, 12, 17 . In addition, crystal structures of MreC from different species 17, 18 , including the work presented here, indicate that all MreC variants studied to date have the tendency to self-associate ( Supplementary Fig. 6 ). The fact that MreC patches are yet to be characterized in vitro suggests that MreC's self-association may be weak or transient, requiring the stability of a crystalline environment for visualization. However, in a cellular context, this association could be facilitated by the high abundance of MreC (12,000 copies/cell) 17 , leading to banded patterns observed.
Discussion
MreC has been suggested to play a structural role in cell wall synthesis. MreC variants from different species co-localize with high molecular weight PBPs, lytic transglycosylases, and outer membrane proteins, but also with MreB polymers. These observations have led to the implication of MreC as a scaffold that stabilizes elongasome-forming proteins 7-9, 11, 12, 17, 22, 23 . However, how a 28 kDa molecule can serve as a scaffold that permits the association of a variety of elongasome partners has remained obscure. Our data shed light on this question by revealing that MreC employs two distinct surfaces for partner recognition. The first region of the MreC "butterfly" interacts with the N-terminus of PBP2, as described above, while a second one, located at the junction of the two butterfly "wings", tethers at the center of partner MreC molecule ( Fig. 5) , involving a total of 1800 Å 2 of total buried area (calculated with PISA, Table 1 ; ref. 24 ). In the cell, the absolute position of MreC and PBP2/elongasome partners on the membrane could be dependent on the flexibility of their extreme N-termini that connect to their transmembrane helices; despite the fact that the TM helices of PBP2 and MreC are missing from our structures, both N-termini point in the same direction, suggesting that they could employ a proximal membrane attachment site to favor interaction. In addition, the inherent flexibility of the N-terminus of PBP2 could allow it to adjust its position in order to interact with other cell wallsynthesis molecules (such as class A PBPs and membraneembedded RodA 17, 25 ) while still being scaffolded by MreC, which itself can bind to carboxypeptidases, endopeptidases, and lytic transglycosylases 8 .
In the model organism E. coli, cell wall complexes can be stably detected during the exponential phase of cell growth, but not during stationary phase 14 . This indicates that proteins need to be able to rapidly associate and dissociate at specific moments of the cell cycle; these data are supported by observations in other organisms such as C. crescentus, where PBP2 was shown to associate to the cell wall synthesis machinery dynamically and transiently 10 . The fact that hydrophobic interactions (more feeble than polar interactions) are involved in PBP2:MreC recognition indicates that these complexes can form and be disrupted as needed during the cell wall elongation process. The key role played by PBP2 and MreC in cell wall elongation in all bacteria studied to date indicates that our PBP2:MreC complex structure likely represents a snapshot of a step in elongasome formation that is common to all non-spherical bacteria.
Methods
Protein purification. Proteins were purified and the complex was formed as previously described 8 . Briefly, for PBP2, BL21 (DE3) Star cells (Novagen) carrying plasmid pACYDuet-PBP2 (res L38-L588) were grown at 37°C in LB liquid medium supplemented with chloramphenicol (30 mg mL −1 ). When the absorbance at 600 nm reached 0.6 AU, protein expression was induced by the addition of 1 mM IPTG. Growth was continued overnight at 18°C. The cell pellet was resuspended in buffer A (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 0.25% CHAPS (3-[(3-Cholamidopropyl-dimethylammonio]-1-propanesulfonate (SIGMA)), 5% glycerol) and the cells were disrupted by using a cell disruptor (Constant Systems). After centrifugation, the soluble fraction containing the His 6 -tagged PBP2 was purified over a nickel-nitrilotriacetate (Ni 2+ -NTA) column and the protein was eluted with an imidazole gradient.
GST-MreC, which harbors a thrombin cleavage sequence between GST and MreC (residues L37-N248), was purified by employing a similar protocol, with the exception that BL21 (DE3) Star cells (Novagen) were employed. The pellet was resuspended in buffer A (to which 1 mM EDTA was added) and cells were disrupted using a cell disruptor (Constant Systems). The supernatant was loaded onto a GST-column (GE Healthcare) and eluted in buffer B (buffer A + 20 mM glutathione).
His 6 -PBP2 and GST-MreC were incubated in a 1.2:1 ratio and injected onto a Superdex HR10/30 column (GE Healthcare) that had been previously equilibrated in buffer C (25 mM Tris-HCl pH 8.5, 100 mM NaCl, 1 mM EDTA). The complex peak was isolated and loaded onto a GST column in the same buffer. In order to remove the GST tag, 0.01 units of thrombin were added per microgram of loaded complex to the column overnight, after which the GST-free complex was eluted. The sample was concentrated for crystallization trials.
Crystallization of PBP2 and PBP2:MreC. PBP2 and PBP2:MreC complex crystals were grown by the vapor diffusion method at 20°C using a hanging-drop setup. PBP2 was crystallized by mixing 2 μL of protein sample (1.4 mg mL −1 , 25 mM HEPES pH 7.5, 100 mM NaCl, 1 mM EDTA) and 2 μL of reservoir solution (1.4 M (NH 4 ) 2 SO 4 , 50 mM HEPES-Na pH 7.0). Crystals of the PBP2:MreC complex were grown using a protein sample at 6 mg mL −1 in 25 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA and by mixing with a reservoir solution containing 5% w/v PEG 6000, 50 mM Citric acid pH 5.0, 9 mM ZnCl 2 . PBP2 and PBP2:MreC crystals were cryoprotected with Paratone and 20% glycerol, respectively, mounted on cryoloops and flash-cooled under liquid nitrogen. X-ray diffraction data were collected under a cold nitrogen stream at 100 K at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The experimental set up of the beamline and data quality of the collected images were monitored with MxCuBE 26, 27 and ADXV (http://www.scripps.edu/~arvai/adxv.html).
Structure determination and refinement. X-ray diffraction images for both structures were indexed and scaled with XDS 28 . XDSGUI (http://strucbio.biologie. uni-konstanz.de/xdswiki/index.php/XDSGUI) was used to perform a checkup of data quality and resolution cutoff [29] [30] [31] [32] [33] . The reduced X-ray diffraction data was imported in to the CCP4 program suite 34 . The PBP2 structure was solved by molecular replacement using the structure of PBP3 from P. aeruginosa 15 as a model and employing BALBES 35 . Generation of the initial PBP2 model was performed following spatial sampling methods using ROSETTA as implemented in PHE-NIX 36 to improve the convergence radius 37 . Cycles of manual building, phase optimization, and automatic model-building were extensively performed with COOT 38 , PARROT 39 , and BUCCANNER 40 . Refinement cycles, including the local-NCS option, were performed using REFMAC 41 . After several cycles of manual model building and refinement, the PBP2 model was good enough to allow the generation of a molecular replacement solution for the PBP2:MreC complex data set using PHASER 42 . This initial model, containing just two molecules of PBP2 in the ASU, was submitted to the same procedure of model building and refinement mentioned above; at later steps, four molecules of MreC were built per ASU. Once manual model building and refinement converged 43 , the TLS option 44, 45 was introduced in REFMAC. The stereochemical quality of the refined models was verified with MOLPROBITY 46 , as implemented in COOT and PROCHECK 47 . The secondary structure assignment was performed by DSSP 48 MreC employs different surfaces in order to maximize interactions with partner molecules. MreC (blue) interacts both with PBP2 (gray ribbon) and with another MreC butterfly (orange). The latter recognition region is composed mostly of hydrophobic interactions, with few exceptions (yellow sticks). Residues Phe169 and Phe182, localized at the center of the MreC-MreC interaction platform that is provided by a neighboring molecule (with apostrophes), are also involved in the formation of the hydrophobic zipper that interacts with PBP2 (purple sticks). This suggests that MreC can modify the protein partner with which it interacts through a slight adjustment of the residues available for binding Generation of MreC hydrophobic zipper and PBP2 Cys mutants. Primers for MreC mutants were designed using the NEBase Changer TM tool (New England Biolabs, http://nebasechanger.neb.com). For each of the mutated residues in the triple mutants (Phe169, Phe182, and Tyr222), four primers were designed: one reverse and three forward, each of them harboring a single point mutation to either Alanine or Aspartic acid. Prior to amplification (with PhusionR High Fidelity DNA Polymerase, NEB), the primers were phosphorylated using PNK (Fermentas/ Thermo). The pGEX4T-MreC construct was used as a template for the mutagenesis reaction. The resulting linearized and 5′-phosphorylated blunt version of the final construct was then treated with DpnI to digest the template plasmid, purified on an agarose gel and used alone in a ligation reaction in order to generate the final construct. Mutations were performed sequentially, i.e., three rounds for the triple mutants (3A and 3D) and two rounds for the double mutant (R154D-T221R). Each round of mutagenesis was confirmed by sequencing. In order to select sites for introduction of Cys mutations within the PBP2 sequence, we employed Disulfide by Design 2 server (http://cptweb.cpt. wayne.edu/DbD2/), which identified Tyr134′ and Ala218′ as optimal candidate sites. For introduction of mutations, the pACYC-Duet-PBP2 vector was used as a template. Two pairs of primers were designed using the same strategy as described above for MreC mutations.
Size-exclusion chromatography assays. Gel filtration assays were performed a Superdex HR10/30 column (GE Healthcare) that had been previously equilibrated in 25 mM Tris-HCl pH 8.5, 100 mM NaCl, 1 mM EDTA. PBP2 was incubated with MreC (wild type), MreC-3A, MreC-3D, or MreC-R154D-T221R for 2 h prior to injection into the column. 0.5 mL fractions were collected for all experiments. Experiments performed with PBP2-Y134C-A218C used the same buffer and parameters as described above, with the exception of the gel filtration assay in the presence of TCEP, where 1 mM of the reducing agent was added. All MreC forms carry the GST tag.
Isothermal titration calorimetry. ITC experiments were carried out with iTC200 microcalorimeter (MicroCal, Northampton, MA) at 20°C. A stirring speed of 300 rpm and a reference power of 5 μcal/s were used. In each measurement, PBP2 (3 μL of 160.4 μM) were titrated into the sample cell containing MreC (wild type, 3A, or 3D variants at 25 μM, GST tagged). The reference cell was filled with water. Raw ITC data were evaluated using the Origin software (Northampton, MA).
Circular dichroism. CD spectra were recorded between 195 and 260 nm on a J-810 Jasco spectropolarimeter using a quartz cuvette with a path length of 0.5 mm, a 100 nm/min scanning speed, and a bandwidth of 1 nm. Each variant (wild-type MreC, MreC-3A, and MreC-3D) was tested in PBS in different concentrations (4.5, 11.0, and 20 µM). Twenty spectra were measured at room temperature, averaged and corrected for buffer contribution. Experimental data were analyzed using the BeStSel server (http://bestsel.elte.hu).
Construction of the H. pylori mreC mutants. The mreC locus was cloned into pUC18-Gm as follows: 500-bp of the mreB gene upstream of mreC and the mreC gene were amplified by PCR using primers 1373-F (CTAAAAGCATTA-GAGTGGCTGGGG) and 1372-R-Kpn1 (CGCGGTACCCCGCTAGTTTTTCA-CATCGCTCAAAAACAC) and cloned into the pUC18-Gm plasmid 50 upstream of the non-polar gentamicin cassette. The 500-bp region downstream of mreC was amplified using primers 1371-BamH1 (CGCGGATCCGCGACTAGCCTTA-TATTCAAGGCTAATAAGCG) and 1371-R-Xba1 (GCTCTAGAGCGCAT GTGGTTAAAGTAGAAAGCGAGAG) and cloned into the pUC18-Gm downstream of the non-polar cassette generating the suicide pUC18-mreC-Gm plasmid. The suicide plasmid was used as a template to introduce mutations into the mreC gene by inverse PCR. The different variants of mutated mreC were introduced into H. pylori by natural transformation 51 using the mreC conditional strain N6ΔmreC pMEG4 as a recipient strain 8 . This strain has the chromosomal copy of mreC replaced by a non-polar kanamycin cassette and a wild-type mreC gene on the pMEG4 plasmid under control of an IPTG inducible promoter. By transforming plasmid pUC18-mreC-Gm carrying each of the different mutations into strain N6ΔmreC pMEG4 and selecting for gentamycin resistance (5 µg/mL) and growth with 1 mM of IPTG, we selected the allelic exchange of the kanamycin resistance cassette by the mreC-Gm construction. Isolated clones were confirmed to be gentamycin resistant and kanamycin sensitive. The mutated chromosomal mreC locus was confirmed by sequencing. As an example, we obtained strain N6-mreC3A pMEG4 carrying the mutated mreC3A in the original mreBC locus and a wild-type copy of mreC on plasmid pMEG4 under control of IPTG. H. pylori was cultivated microaerobically (Anoxomat; final concentration of N 2 :CO 2 :0 2 of 84:10:6%) at 37°C on blood agar or on liquid medium consisting of brain-heart infusion (Oxoid) with 10% fetal calf serum (Eurobio) supplemented with an antibiotic-antifungal mix 52 . The mutant strains were grown with or without IPTG at 1 mM. Bacteria were sampled during the growth curve to estimate cell viability (CFU/mL). Samples were also collected at 24 h of growth and analyzed by microscopy using an Axio Observer (Zeiss) instrument. The diameter and length of individual bacteria was measured using ImageJ software. The same samples were prepared for scanning electron microscopy as previously described 8 .
Data availability. Coordinates and structure factors for PBP2 and PBP2:MreC have been in the Protein Data Bank with access codes 5LP4 and 5LP5. The data that support the findings of this study are available from the corresponding author upon request.
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